FIG. 1 Effect of wind on soil erosion un
tative structural characteristics and the variable spatial distribution of the vegetation with respect to the soil surface, development of equations by other than empirical methods is difficult, if not impossible. To date, the specific properties of vegetative covers that influence soil erodibility have only been partially quantified. This study attempted to ( a ) develop regression equations relating soil loss by wind to selected amounts, kinds and orientations of vegetative covers, wind velocity, and soil cloddiness, and (b) develop and evaluate research techniques that may be useful in future experiments.
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One dependent variable, total soil loss, and five independent variableskind of vegetation, orientation of vegetation, quantity of vegetation, wind velocity, and soil cloddiness -were included in a nonorthogonal factorial arrangement~ of treatments. An explanation of these independent variables, their test levels, and the test procedure follows :
Four Kinds of Vegetation, S Growing winter wheat and three crop residues -wheat stubble and fine-and coarse-textured sorghum stubble -were selected. Ten-inch stalks of the residues were stripped of leaves to achieve uniformity and w e r e differentiated 
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by their respective average stalk diameters of 2.7, 12.6, and 23.9 mm. Growing winter wheat could not be assigned an equivalent quantitative measurement and was, therefore, excluded from certain analyses.
Three Orientations of Vegetation, K ,
The residues were arranged in rows 10 in. apart and normal to wind direction. Residues within the rows were oriented in either a flat, leaning, or standing position. The flattened stalks were parallel with wind direction, and the leanin,g stalks were inclined at a 45 deg angle with the wind. W i n t e r w h e a t was grown in rows 9 in. apart and was exposed to winds both normal and parallel to wind direction. The maximum ridge roughness equivalent ( 15), in inches, measured for a particular kind and orientation of residue, quantitatively characterized the orientations.
n Quantities of Vegetation, R The amount of vegetation required to control erosion depended on the other independent variables; therefore, fixed quantities of all the kinds of vegetation could not be standardized, making the factorial arrangement of t r e a t m en t s nonorthogonal. Test quantities of vegetative materials were: 125, 250, 500, 750, 1,000, 2,000, and 3,000 lb per acre of wheat stubble; 410, 810, 1,630, 2,440, 3,250, 4,880, and 6,500 lb of fine sorghum; 500, 1,000, 2,000, 4,000, 6,000, 8,000, 10,000, and 12,000 lb per acre of coarse sorghum; and 10, 37, 130, and 252 lb per acre of growing winter wheat. To attain uniformity, weights of residues were expressed in terms of stalk bulk density of wheat, which was 0.13 gram per cubic centimeter.
Three Wind Velocities, V More specifically, wind velocity was expressed in terms of the drag velocities ( 1 ) 94.7, 105.6, and 116.5 cm per second, which are equivalent to wind velocities of 39, 43, and 48 mph (miles per hour) when measured at a height of 5 ft over a smooth ground surface under neutral atmospheric conditions. Two Soil Cloddiness Levels, A Soil cloddiness is defined as the percent clods greater than 0.84 rnm in diameter ( 6 ) . Two synthetic soils, equivalent to natural soils containing 3.1 and 11.0 percent clods, were prepared by mixing dune sand, screened to less than 0.84 mm in diameter, with gravel ranging from 1.2 to 6.4 mm in diameter. ~hvese synthetic soils gave reproduciThis article is reprinted from the TRANSACTIONS of the ASAE ("01. 8 The soil, under a given vegetative cover condition, if any, was exposed to a given wind for ten minutes. Total soil loss, which was measured gravimetrically, ceased or approached zero prior to the end of the ten-minute period. Tests, with a few exceptions, were repeated once for a total of four measurements per treatment for all vegetation except the growing winter wheat that was in rows parallel with the wind.
The first vegetation, fine-textured sorghum, was tested over a wide range of drag velocities to detemine the fixed levels of drag velocity that were used in subsequent experiments. Soil losses from the fine-textured sorghum tests were then adjusted to the foregoing three drag-velocity levels by extrapolation from log E-log V curves or by interpolation from polynomial regression equations. This adjustment reduced degrees of freedom in subsequent regression analyses involving fine sorghum.
Methods of simple and multiple curvilinear regression were employed to analyze and interpret the data.
Soil Loss from Bare Surface Rate of soil loss varies as a power of drag velocity (1, 3 ) , and relative soil erodibility as a power of soil cloddiness within the range of soil cloddiness levels included in this experiment (4) . Using these relationships for the regression model, the following equation estimates total soil loss E, from a bare soil as a function of drag velocity V and s,oil cloddiness A: 
Influence of Treatment on Soil Loss
Soil loss Ef measured under residue cover, in addition to depending on the experimental variables, also depended on the frames that supported and anchored the residue. The frame influence confounded the effect of wheat and sorghum residues on soil loss with the magnitude of influence increasing from flat to leaning to standing orientations. The original soil loss measurements, therefore, included not only residuequantity effect but also framie effect.
For each residue orientation and kind of residue, each soil, and each wind variable, Ef was best expressed as an exponential function of residue quantity R. The log form of the equation is log Ef = log a -R log b . .
. [B]
where log a is the log of soil loss when residue, but not frames, equaled zero and log b is the rate of change in log Ef per unit change in R.
The effect of frames (which did not change in position or magnitude for a given orientation) on log Ef was assumed constant for a particular kind and orientation of residue, a particular soil, and a particular wind. Under this assumption, the slope of the individual log E-R curves was not changed by the frames; only the magnitude of soil loss or elevation of the curves was changed. The logarithms of the original soil loss measurements were adjusted upward to estimate what the soil loss would have been without frames as follows: log E = log Ef + (log I?, -log a ) . . . . . . . . . . . . . . . . . [CI where log E is a single soil-loss measurement adjusted to eliminate frame effect.
After adjustment, the e s t i m a t i n g equation for soil loss (exclusive of frame effect) for a given kind and orientation of residue, and a given combination of wind and soil, can now be expressed by log E = lag E, -R log b . . . [Dl A similar adjustment was also made for the measured soil loss data from the growing winter wheat tests. Here the boxes in which the winter wheat was grown, rather than the frames, were the confounding, though relatively minor, influence.
The quantity of residue R, necessary to reduce soil loss to an insignificant quantity for a given wind and soil condition is extremely important in practical erosion control. This loss has been described as the amount eroded from a field when no distinct visible effects of soil movement are apparent ( 5 ) . This same criterion was used to establish an insignificant quantity of soil loss from the test trays -approximately equivalent to 10 grams per tray. No evidence of sorting of the surface soil grains was discernible for a loss of this magnitude, and, furthermore, it is a conveni- The results of the regression analysis, when all independent variables except R were held constant, and the estimated quantities of R, and ROq5 computed from equation [Dl are given in Table 1 . The relatively high r2 values strongly indicate that total soil loss from a vegetatively covered surface varies exponentially with the quantity of residue. This relationship appears valid whether the vegetation is: crop residues left standing after harvest; crop residues whose natural orientation with respect to the soil surface has been altered by tillage or other activity (leaning or flattened); or vegetation grown in rows parallel or normal with wind direction. On an average, regression accounted for 88.4, 97.4, 92.5, and 96.0 percent of the variation in log E for the wheat, fine sorghum, coarse sorghum, and growing winter wheat, respectively. Regression accounted for 96.0, 92.4, and 89.9 percent of the variation in log E for the respective flat, leaning, and standin,g crop residue orientations. The corresponding percentages far winter wheat in rows parallel and normal to wind direction were 97.4 and 94.6. All regression coefficients except two were significantly different from zero, and the exceptions were attributed to insufficient degrees of freedom rather than to deviation from the assumed regression equation. Flat residues differ from leaning or standing residues in the mechanism whereby they reduce erosion losses. Flat residues reduce erosion primarily by forming a protective barrier between the soil surface and the force of the wind, and secondarily by reducing wind velocity near the soil surface. Leaning and standing residues, on the other hand, reduce wind erolsion prirnarily by decreasing wind velocity at the soil surface, and secondarily by forming a surface barrier. If the protective barrier effect were the only mechanism involved in soil loss reduction for flattened crop residues, the so31 would have to be completely covered before soil loss would approach zero under the force of an erosive wind. In this experiment, soil loss under flattened residue was controlled short of complete soil coverage by the residue. Because the exponential relation fits all three residue orientations about equally, the net effect of the nature of the mechanisms involved in reducing erosion appears to be similar for all orientations of residue. Only the magnitude of the effect varied from one orientation to another.
Aside from the possibility of the assumed relation differing from the true one, if any, there are several experimental errors that could account for the deviations from regression. Variations in soil cloddiness within a cloddiness level, slight variations in wind velocity, weighing inaccuracies, and variation in the elevation of the surface of the test soil with respect to the tunrlel floor -all contributed to experimental error. There were also some other unavoidable sources of variation. To achieve a level, smooth surface from one test to another, the soil in the trays was prepared by drawing a metal bar over the soil. This tended to concentrate the fine or erodible portion in the surface and narrowed t h e erodibility characteristics of the two soils. For -large soil losses, this condition was inconse<uential, but for small losses, the percentage was relatively large. An attempt was made to simulate field conditions in arranging the residue stalks within a row in neither a systematic nor a randomized arrangement. As a result, the arrangement of stalks in the rows immediately windward of the soil trays sometimes caused variations in soil loss from one increment of residue to the other different from those expected from the effect of the increment alone.
Relation of the Slope of the Log E-R
C u r v e s to V, A, K, , and S. T h e slopes of the log E-R curves, designated by log b in Table 1 , varied with all i n d e p e n d e n t variables. Figs. 1 through 4 illustrate the direction of variation when all but one of the independent variables were held constant. Log b decreased numerically with: increasing wind velocity (Fig 1 ) ; an increase in coarseness of residue (Fig. 3) ; and soil cloddiness (Fig. 4 ) . Log b increased numerically from flat to leaning to standing residue orientations (Fig. 2 ) . Retaining the exponential equation [ D l , this relationship may be functionally expressed by where f, (V, A) determines the log E intercept when R e q u a l s z e r o and f2 (V, A, K, , S) determines the slope of the log E-R curves of Table 1 where the constants a, and bi were determined by regression analysis. The results of the regression analysis, assuming equation [F] , are given in Table 2 . The symbol s designates sample standard deviation and the t-distribution was used to test the hypothesis that bi equals zero.
Judging from the standard regression coefficients b's the relative influence of the independent variables on the slope of the log E-R curves was in the descending order: kind of residue, orientation of residue, wind velocity, and soil cloddiness. Regression accounted for a significant proportion of the total variation. The regression coefficients b(s for log V, log K, , and 9 . 5 were highly significant (0.01 level), and the soil cloddiness coefficient was significant (0.05 level). Partial correlation coefficients also were highly significant. None of the possible paired combinations of independent variables was correlated.
The R, values of Table 1 were compared with the R' , values computed from equation [GI, assuming that the most reliable estimate of insignificant erosion is represented by Table 1 values. This is analogous to the usual "measured vs computed" comparison. The sample standard deviation of the ratio sR,,/,, was 0.29. Other comparisons of R', and R, were made by ornitting, one at a time, each level of the independent variables, S and log K, , assuming the regression model of equation [F] . The sample standard deviations of R',/R, for these analyses of the kinds of residues and orientations were: wheat, 0.18; fine sorghum, Q.14, coarse sorghum, 0.09; standing residue, 0.18; leaning residue, 0.20; a n d flattened residue, 0.06. Omitting an independent level decreased the sample standard deviation of the RTo/R0 ratio. Whether the deviations are within the realm of practicality for estimating erodibility depends on the tolerances one would be willing to accept.
The results of this study suggest that wind erosion varies exponentially with the quantity of residue on the soil surface and agrees with the first* quantitative research carried out on this phase of wind erosion ( 2 ) . Within the limits of the number of independent variables that were evaluated in this wind-tunnel experiment, the elevation of the soil loss-vegetation quantity curves above the abscissa varied with wind velocity and soil cloddiness. All independent variables influenced the slope of the curves, although the influence of soil cloddiness was relatively minor. The relation between the relative effectiveness of different kinds and orientations of residue is not simple. One cannot, for example, generalize that wheat stubble is a given number of times as effective as sorghum stubble, or that standing residue is a given number of times as effective as flattened crop residue. The relative value of kinds and orientations of residue for erosion control must be qualified by the soil, wind velocity, and the many other variable characteristics of the residues involved. One can, however, generalize to the extent that: fine-textured residues on a weight basis are much more effective than coarse-textured residues; any orientation of residue with respect to the soil surface decreases wind erosion more than the flattened position; and, growing fine-leafed crops, like grasses and cereals, affords a high degree of erosion control per unit weight.
From the nature of equation [Dl, it can be seen that relatively small quantities of even the coarsest residues result in sizable reductions in erodibility compared with the erodibility of bare soil. This phenomenon, if combined with other wind-erosion-control measures, should be taken into account in applying wind-erosion-control practices. Amounts of residue that look inconsequential may in fact make a significant contribution and diminish the degree of intensity required of other practices, like strip cropping, shelterbelts, and emergency tillage.
Growing winter wheat oriented in rows normal to the wind was about 1.4
times as effective as winter wheat oriented in rows parallel to wind direction under the imposed variables of this experiment. This r el a t i v e advantage would probably increase with wider row-width spacings. Although the independent variables accounted for the major portion (94 percent) of the variation in the log of the log E-R slopes, there was evidence that had interactions been included in the regression model, even more variation could have been accounted for. The fewer the variables involved, the more accurate were the erosion estimates. If one is willin'g to accept the validity of the relation between soil loss and quantity of residue expressed by equation [Dl in this study and in previous work ( 2 ) , the testing procedure used in this experiment should prove quite useful for routine testing of soil and residue conditions. By maintaining soil cloddiness and wind velocity constant, a curve could be established by measuring soil loss at only two residue levels -preferably zero and some intennediate quantity with respect to the magnitude of soil loss. At zero, residue variation due to bias in positioning the vegetation would be eliminated. An intermediate quantity of residue with respect to magnitude of soil loss would insure that the quantity of residue was below the amount where the threshold velocity would be skirted and would eliminate errors due to that cause. If at all possible, mechanical means of supporting and anchoring the residue, which projects into the airflow, should be avoided. There is no simple way to determine if the adjustments made to separate effects of vegetation from mechanical devices are truly accurate. If the soil trays could be weighed in place in the wind tunnel, accuracy would undoubtedly be improved and much time could be saved. Some method of placing and leveling the soil in the test tray that would retain the structural characteristics of the soil at the soil surfacewind interface would eliminate some of the error encountered in this experiment.
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